Abstract. Verbascum is one of the main genera of Scrophulariaceae, but delimitation and phylogenetic relationships of this genus are unclear and have not yet been studied using DNA sequences. Here, using four selected molecular markers (nrDNA ITS and the plastid spacers trnS/G, psbA-trnH and trnY/T), we present a phylogeny of Verbascum and test previous infrageneric taxonomic hypotheses as well as its monophyly with respect to Scrophularia. We additionally discuss morphological variation and the utility of morphological characters as predictors of phylogenetic relationships. Our results show that while molecular data unambiguously support the circumscription of Verbascum inferred from morphology, they prove to be of limited utility in resolving infrageneric relationships, suggesting that Verbascum 's high species diversity is due to rapid and recent radiation. Our work provides phylogenetic estimation of the genus Verbascum using molecular data and can serve as a starting point for future investigations of Verbascum and relatives.
Introduction
The genus Verbascum L., commonly known as the 'Mullein', is a member of the tribe Scrophularieae (Scrophulariaceae) (sensu Olmstead et al. 2001) . Verbascum includes~360 species in northern Africa, Europe and parts of Asia (Mabberley 2008) . Turkey is the main centre of diversity for the genus, with 235 species (Yılmaz and Dane 2012) . Verbascum is still imperfectly known and new species are still regularly described, especially in Turkey.
All Verbascum species are biennial or perennial herbs, or rarely annual herbs or subshrubs with simple, densely hairy alternate leaves, which are often crowded in basal rosettes. The genus is characterised by its rotate, nearly actinomorphic, corolla and alternate leaves. The flowers are pentamerous, with (usually) five or four stamens that are fused to the petals and a five-lobed calyx tube and a five-petalled corolla The stamens are of two types, with the three upper stamens being short, with filaments covered by yellow, whitish or violet hairs and having smaller anthers, whereas the lower two stamens have glabrous filaments and larger anthers.
Verbascum extracts, decoctions and infusions have been used in traditional medicines for centuries. Flowers have mucolytic and expectorant effects, and the leaves have been used as diuretic, sudorific, expectorant and sedative (Baytop 1999) .
In 1753, Linneaus named specimens with four stamens as Celsia L., and specimens with five stamens as Verbascum. Linneaus's concept for these genera, based on the presence of a five stamens, has been reiterated in the treatment of Bentham (1846) . In 1843, Fischer and Meyer separated V. natolicum, which has oblong-cylindrical capsule, and published it under the genus Staurophragma. In 1891, Celsia and Staurophragma were combined under Verbascum by Kuntze (1891) , but seperated again as Staurophragma and Verbascum. The genus Rhabdotosperma Hartl (1977) with aulacospermous seeds has been split from Verbascum. Finally, Fischer (2004) considered that tribe Verbasceae should be split into only two genera, namely, Verbascum and Rhabdotosperma.
Verbascum has received only limited attention in recent studies of Scrophulariaceae (Dahlgren 1989; Hilliard 1994) . So far, the only treatment of Verbascum is that of Murbeck (1933) . Murbeck (1933) defined two sections, Aulacosperma Murb. and Bothrosperma Murb., distinguished by longitudinal corrugated versus transversal corrugated seeds. The latter section includes two subsections Fasciculata (with clustered flowers) and Singuliflora (with single flowers). This system has been the most comprehensive systematic treatment. Murbeck (1925 Murbeck ( , 1933 recognised Verbascum as a genus separate from Celsia.
Recent treatments are those of floristic works representing only local subsets of the genus and show little consistency among them. Fedchenko (1955) , in the flora of the USSR, retained Verbascum and Celsia as separate genera and recognised 51 species of the genus Verbascum. Fedchenko (1955) divided Verbascum into sections similar to Murbeck's groups (Murbeck 1933) , mainly using differences in flower number in cluster and stamen morphology. Huber-Morath (1978) included the genus Celsia in the genus Verbascum and classified the 243 Verbascum species in Turkey into 13 informal group with 129 additional hybrids, on the basis of differences in fertile stamen, bracteole, branched hair and anther morphology, among other characters. Huber-Morath (1981) , in his treatment of the species from Iran plateau, included the genus Celsia in the genus Verbascum, did not propose any infrageneric classification for the 49 species and additional four hybrids included, nor did Feinbrun Dothan (1978) , in his proposal for the 20 species from Palestine. This lack of a complete and satisfactory infrageneric classification for the Verbascum species reflects the taxonomic difficulty of the genus and the scarcity of morphological characters, which did not allow the establishment of infrageneric categories. Within Verbascum, there is a remarkable variation of flower features, especially size, shape and colour of the corolla, inflorescence length, and number of flowers. Hybrids are very often found where two or more Verbascum species grow together, especially in disturbed habitats. These hybrids are intermediate between their parents in most morphological features. There is speculation that hybridisation may obscure taxonomic boundaries and has played an important role in the evolution of Verbascum (e.g. Huber-Morath 1978) .
The phylogenetic position of the genus Verbascum is an old problem (Bentham 1846; Pennell 1935) . Verbascum was placed in the subfamily Pseudosolanaceae and tribe Verbaceae by Bentham (1846) , and was last revised by Huber-Morath (1981) . Verbascum was considered to be a transitional genus between the Solanaceae and Scrophulariaceae because of its nearly regular floral symmetry, alternate phyllotaxis and the presence of a fifth stamen.
Recently, Oxelman et al. (2005) re-assessed the classification of Scrophulariaceae and transferred Scrophularia, the Himalayan genus Oreosolen Hook.f., and a monotypic African genus Antherothamnus N.E.Br. in the tribe Scrophularieae Dumort. Molecular studies of the family strongly support a clade consisting of Verbascum and Scrophularia (Olmstead and Reeves 1995; Olmstead et al. 2001; Oxelman et al. 2005; Tank et al. 2006 ). This clade is characterised by hairy filaments, endosperm development and distinctive seeds, and is sister to Antherothamnus.
Previous molecular studies have suffered from low taxon sampling, with only one or two species of these genera (Olmstead et al. 2001; Oxelman et al. 2005; Tank et al. 2006) . No molecular phylogenetic account focussed on Verbascum has been published. Comparative studies of anatomy and morphology (Attar et al. 2007; Kheiri et al. 2009 ) have been completed for a few species of Verbascum. Unfortunately, the interpretation of these studies has been limited by the absence of a robust phylogenetic framework within which to examine the evolution of these traits.
Here, we provide the first extensive molecular phylogenetic study of Verbascum. On the basis of analyses of sequences from four molecular markers (nrDNA ITS, and the plastid spacers trnY (GUA)-trnT (GGU) (trnY/T), trnS (GCU)-trnG (UCC) (trnS/G) and psbA-trnH), the present study aims to test the monophyly of Verbascum with respect to Scrophularia. Furthermore, we want to reconstruct phylogenetic relationships within Verbascum (1) to test previous taxonomic hypotheses on intrageneric relationships and, subsequently, (2) to infer which morphological characters (with emphasis on those suggested by previous authors) are predictive of phylogenetic relationships. A better understanding of the phylogenetic relationships in Verbascum will form the basis for future investigations on rates of diversification.
Materials and methods

Taxon sampling
In total, 44 taxa were included in the study (Table 1) . Terminal taxa were chosen to cover the most recent classification of the genus Verbascum in Huber-Morath (1978) . For the intrageneric phylogeny of Verbascum, 9 of 25 species belonging to 8 of 13 informal groups of Huber-Morath (1978) were selected to cover the major groups within the genus in its centre of diversity. The other species were selected to give more complete representation of morphological range of the genus Verbascum. In all, 6 of 24 Verbascum species were selected from the suspected nonmonophyletic genus Celsia according to the Murbeck's (1933) treatment, so as to test the nature of this taxon.
For testing the monophyly of Verbascum, 16 trnY/T and psbA-trnH of Scrophularia species were generated in the study and these have been added to the datasets of Attar et al. (2011) . To achieve a sampling as representative as possible, Scrophularia species were sampled from 15 of 23 greges in Grau (1981) .
Veronica orientalis Mill., Antirrhinum majus L. and Digitalis nervosa Steud. & Hochst. were designated as outgroups, on the basis of previous molecular phylogenetic findings (Olmstead et al. 2001; Oxelman et al. 2005; Tank et al. 2006) .
Because of the limited availability of material for many species, we often used old herbarium material, sometimes over 120 years old. Vouchers of all specimens studied are available at the herbaria TUH or VANF (Table 1) .
Molecular methods DNA isolation, polymerase chain reaction (PCR) and sequencing
Because the use of herbarium specimens in molecular studies has been recommended (Gaudeul and Rouhan 2013) , DNA extraction was carried out on herbarium samples. Genomic DNA was isolated using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's recommendations. PCR products of the nrDNA ITS region and the plastid spacers trnY/T, trnS/G and psbA-trnH were obtained using REDTaq ReadyMix Taq PCR reaction mix (Sigma-Aldrich, Steinheim, Germany). The DNA extracts of the historical vouchers consisted mainly of fragments of low molecular weight, making the amplification of markers longer than 500 bp very difficult. Therefore, we amplified the ITS1 and ITS2 regions separately by using the 'a', 'b', 'c' and 'd' primers of Wendel et al. (1995) , and used the resulting product as template for a second PCR round. The first PCR was performed in a volume of 10 mL and at 50 C annealing temperature. This product was diluted 1 : 10 and re-amplified using previously standardised conditions (Attar et al. 2011; Riahi et al. 2011) . PCR programs were run in GeneAmp PCR System 9700 thermocyclers (PE Applied Biosystems, Foster City, California, USA). Plastid regions were amplified using the primers and PCR conditions given in Riahi et al. (2011) and Attar et al. (2011) . PCR products were purified with E. coli Exonuclease I and FastAP thermosensitive alkaline phosphatase 
Data analysis
Sequences were assembled, edited and manually aligned with MUSCLE under default parameters (Edgar 2004) . Because of homoplasy concerns, length variation in polynucleotide repeats was excluded from phylogenetic analyses (Vachon and Freeland 2011) . ITS1 and ITS2 were concatenated. The DNA sequences from each molecular marker were analysed separately and combined in a final analysis. Given that the plastid genome behaves as a single linkage group, the three plastid markers (trnY/T, trnS/G, and psbA-trnH) were a priori concatenated. The ILD test (incongruence length differences test) (Farris et al. 1994 ) was performed to test the combinability of the ITS plus plastid DNA datasets. The results showed no significant incongruence between the ITS and the plastid DNA datasets (P = 0.197). Phylogenetic analyses were conducted using both maximum parsimony (MP) and Bayesian inference (BI), as implemented in PAUP* v.4.0b10 (Swofford 2003) and MrBayes v.3.1 (Huelsenbeck and Ronquist 2001) , respectively. In all analyses, gaps were treated as missing data. For each dataset, a MP heuristic search was conducted with 1000 random stepwise addition replicates, holding and saving 10 trees per replicate, with tree bisection-reconnection (TBR) branch swapping, and all characters were treated as unordered and equally weighted. Bootstrap support analyses were carried out running 1000 bootstrap replicates, each with 100 replicates of random sequence addition holding up to 10 trees per replicate, TBR branch swapping and equal weighting. For the Bayesian analyses, the best-fit nucleotide substitution models were selected using Akaike's information criterion as implemented in Modelltest v.3.06 (Posada and Crandall 2001) . These were the TVM+I and K81uf+G model for the plastid dataset and the ITS dataset and the general time-reversible (GTR) model for the combined molecular dataset (nuclear and chloroplast dataset together). Two independent Markov chain Monte Carlo runs, each with four chains (three hot, one cold) were run simultaneously starting from a random tree for 10 million generations, with one tree sampled every 1000 generations. According to stationarity of lnL assessed using Tracer v. 1.4 (Rambaut and Drummond 2007) , the first 10% sampled trees before stationarity were discarded as burn-in for all analyses, and the remaining trees were used to construct the 50% majority-rule consensus tree.
Morphological characters, whose definition and denomination follow Huber-Morath (1978 , were plotted on the resulting phylogenetic tree.
Results
This is the first inclusive study using DNA sequence data from the nr DNA ITS and the plastid sequences trnY/T, trnS/G and psbA-trnH spacer to estimate phylogenetic relationships in the genus Verbascum. The parsimony and Bayesian analyses of each individual marker, as well as the combined plastid dataset, produced congruent trees without any major difference. Therefore, only the results of the BI are shown and discussed here (Fig. 1) , and those of MP analyses are summarised in Table 2. The ingroup is monophyletic (bootstrap support (BS) = 100%, Bayesian posterior probability (pp) = 1.00), and analyses supported the monophyly of the genus Verbascum (BS = 90%, pp = 1.00). Verbascum is sister to Scrophularia, and is divided into three distinctive lineages that do not correspond to informal groups of Huber-Morath (1978) .
Verbascum blattaria L. is the first-diverging lineage (Fig. 1 , BS = 75%, pp = 1.00). Within the rest of Verbascum, V. agrimonifolium (C.Koch) Hub.-Mor. was sister to the rest of the genus, with this affinity receiving moderate bootstrap support (Fig. 1 , BS = 70%, pp = 1.00), followed by an unresolved clade comprising V. assurense Bornm. & Hand.-Mazz., V. kotchyi Boiss. and V. macrocarpum Boiss. as sister (Fig. 1 , BS = 75%, pp = 1.00) to the remaining species of Verbascum (Clade A).
Three major clades (A1-A3), V. helianthemoides Hub.-Mor. and V. kermanense Hub.-Mor. formed a polytomy within Clade A (Fig. 1) . Phylogenetic relationships within Clades A1 andA3 were fully resolved:
Clade A1 (Fig. 1, (Fig. 1 , pp = 0.89).
Within Clade A3 (Fig. 1 , pp = 0.98), V. cedreti Boiss. is separated by a high bootstrap value (Fig. 1 , BS = 95%, pp = 0.98) and is sister to two monophyletic groups, namely, Subclade A3-1 and Subclade A3-2. Subclade A3-1 (pp = 0.95) includes V. alceoides Boiss. & Hausskn., V. carduchorum Bornm., and V. erianthum Benth, and V. alceoides with maximum Bayesian posterior probability is sister to the other taxa. Subclade A3-2 of Verbascum (Fig. 1 , BS = 70%, pp = 0.85) was further divided to form two groups. One including V. aucheri (Boiss.) Hub.-Mor. and V. intricatum Kuntze, and the other (Fig. 1 , BS = 65%, pp = 1.00) consisting of V. disjectum (Murb.) Hub.-Mor., which is sister to the group of V. austranicum Hub.-Mor. and V. farsistanicum (Murb.) Hub.-Mor., with maximum Bayesian posterior probability.
Within the genus Scrophularia, three major clades of varying branch support are identified. S. umbrosa Dumort. diverges first in the phylogenies (Fig. 1 , BS = 90%, pp = 1.00). This species is followed by S. nodosa L. (Fig. 1 , BS = 80%, pp = 1.00). Next comes Clade B (Fig. 1 , BS = 75%, pp = 0.60) that is split into three groups (B1-B3), although unresolved polytomies. Clade B1 encompasses S. megalantha Rech.f and S. nervosa Benth. Clade B2 (Fig. 1 , BS = 70%, pp = 0.85) encompasses two monophyletic groups, one including S. crassicaulis Grau, which is sister to the group of S. atropatana Grossh., S. frigida Boiss., S. deserti Del. and S. leucoclada Bunge, and the other consists of S. rosulata Stiefelhagen as sister to other taxa. Clade B3 is composed of S. kurdica Eig. and S. oxysepala Boiss with high support (Fig. 1 , BS = 85%, pp = 1.00).
Discussion
Along with high support for monophyly of Verbascum, our data showed new aspects concerning generic boundaries within the tribe Scrophularieae.
Taxonomic implications and infrageneric relationships
Verbascum and Scrophularia
In earlier classifications, Scrophularia was included in the broad and poorly defined tribe Cheloneae and Verbascum was placed in tribe Verbasceae (Bentham 1846) . Verbascum was considered to be a transitional genus between the Solanaceae and Scrophulariaceae because of its nearly regular floral symmetry, alternate phyllotaxis and presence of a fifth stamen.
Verbascum and Scrophularia are found throughout the temperate zone of the northern hemisphere, but concentrated in Asia and Europe, unlike most other lineages in Scrophulariaceae (Oxelman et al. 2005) . Apart from their geographic proximity, the two genera are very similar in their diversity. Verbascum and Scrophularia show a centre of diversity in south-western Asia. They have similar, longitudinally ridged seeds where the ridges are caused by the differential development of the endosperm (Bhandari and Natesh 1985) . They have reniform anthers with wholly confluent thecae and septicidal capsules. The inflorescences or partial inflorescences of both genera are often cymose. Interestingly, only these two genera are host to certain gall insects in the genus Cucullia L. Two chemical characters also appear to define affinities of these genera. Both Scrophularia and Verbascum contain idioblasts Fig. 1 . Fifty per cent majority rule consensus tree derived from analysis of the combined plastid trnY/T, trnS/G and psbA-trnH and nuclear ITS sequences. Non-parametric bootstrap values of >50% from 1000 replicates and Bayesian posterior probabilities are indicated above and below the branches, respectively. Letters A, A1, A2,A3, A3-1 and A3-2 are used for the Verbascum subclades and letters B, B1, B2 and B3 are used for Scrophularia subclades. Verbascum species that are assigned to the sections Aulocusperma and Bothrosperma according to Murbeck (1933) are indicated by star and arrow head, respectively. in the stem and leaves, which contain phospholipids and phospholipoproteins that flouresce blue under UV light (Speranza et al. 2010) . Also, they are among the few genera in the family known to have the iridoid glycosides harpagoside and laterioside (Nicoletti et al. 1988) .
In an outline of a new classification of Scrophulariaceae based on molecular data, Oxelman et al. (2005) placed Verbascum, Scrophularia, Oreosolen and Antherothamnus into one tribe named Scrophularieae, although a set of morphological synapomorphies that unite these taxa is not readily apparent. These taxa, unlike most other lineages in Scrophulariaceae, are predominantly distributed northern temperate zone (Tank et al. 2006) .
Monophyly of Verbascum is strongly supported by our molecular studies and can be recognised from Scrophularia by its rotate, nearly actinomorphic corolla and alternate leaves (Huber-Morath 1978) .
Verbascum and Celsia
In 1753, Linnaeus described two genera, Verbascum and Celsia. The two genera were differentiated by the number of stamens, five in the former and four in the latter. Celsia has been placed in synonymy under Verbascum by some authors (Kuntze 1891; Huber-Morath 1978) , but it was separated again as Celsia and Verbascum by Murbeck (1925 Murbeck ( , 1933 and Fedchenko (1955) . The problem now arises as to whether or not those species in Celsia constitute a taxon separate from Verbascum.
Of the 24 Verbascum species, six were placed in the genus Celsia according to the Murbeck's (1933) circumscription.
The recognition of Celsia at genus rank is mostly due to the unique character of the stamen number, with the genus having four stamens. However, when the presence of the stamen number trait is mapped onto the tree, it appears to be homoplastic in Verbascum (Fig. 2, Character 1) , indicating that this character has limited phylogenetic value and Kuntze's submersion of Celsia into Verbascum was correct (Kuntze 1891; Huber-Morath 1978) . The phylogenies presented here show that the genus as defined by Murbeck (1933) is paraphyletic. Our molecular data unambiguously support the broad circumscription of Verbascum in the treatment of Huber-Morath (1978) .
Intrageneric classification of Verbascum and the taxonomic value of morphological characters
The one and only taxonomic treatment covering all species in the genus Verbascum is that of Murbeck (1933) , who recognised two sections, Aulacosperma and Bothrosperma, on the basis of seed morphology, with longitudinal corrugated seeds in the former and transversal corrugated seeds in the latter. The two sections, Aulacosperma and Bothrosperma, were not monophyletic, as the species of section Aulacosperma fell among the species of section Bothrosperma (Fig. 1) . The results of the present study have shown that there is no support for Murbeck's sectional system of classification of Verbascum.
Such a result is not surprising because some studies have already shown that micromorphological characters -and particularly seed morphology and anatomy that were once regarded as crucial for discrimination among Verbascum species -are not useful for infrageneric classification in the genus, although they possess value for discriminating species (Attar et al. 2007; Kheiri et al. 2009; Cabi et al. 2011) . Micromorphological analyses demonstrated that proposed classification systems of Verbascum based on capsule indumentum are incongruent with pervious classifications of the genus (Juan et al. 2000) .
The alternative classification system of Verbascum proposed by Huber-Morath (1978) in their revision of the Turkish members of the genus subdivided the genus into13 informal groups mainly on the basis of reproductive character states such as morphology of androecium, number of flowers in axil and presence of bracteole. Not surprisingly, none of the groups inferred in our study coincides with those infrageneric taxa recognised by Huber-Morath (1978; Fig. 2) .
Our study has shown that all previous infrageneric classifications of Verbascum are incorrect (Murbeck 1933; Huber-Morath 1978) . The problem of presenting a reasonable and natural division of this genus still remains to be solved.
Diversification and character evolution within Verbascum and Scrophularia
The centre of endemism of Verbascum is Turkey. In this area, representatives of nearly all major groups of Verbascum occur. Almost every group of species identified in Verbascum includes both narrow endemics and species broadly distributed in the Irano-Turanian floristic region, and often extending beyond this region to adjacent areas. Scrophularia umbrosa and S. nodosa were suited at the base of Scrophularia species. These species are broadly distributed in temperate regions of the northern hemisphere except western North America. Our analyses showed moderate support for a sister relationship of widespread Eurasian species S. umbrosa to all Asian Scrophularia species.
Consequently, we propose a Eurasian origin for the Asian taxa of Scrophularia and Verbascum. The same relationships are found in several other groups (Xiang and Soltis. 2001; Scheen et al. 2004) .
The role of DNA-based trees is crucial for a proper assessment of homoplasious morphological characters in the genus Verbascum. Some of morphological features considered characteristics at the infrageneric level in Verbascum have evolved repeatedly and independently. Our data inferred that five stamens, stellate indumentums, fasciculate inflorescences axillary and absence of bracteoles are plesiomorphic. Optimisation of these characters on the molecular topology therefore reflects an overall pattern of evolution where repeated reversals and parallelisms occur ( Fig. 2 ; Characters 1, 2, 3 and 4). Results of this analysis may indicate that these characters are useful for species recognition, but less significant for infrageneric grouping, although sampling of more individuals is necessary to confirm this matter.
Conclusions and future research
The phylogeny emerging from this study reflects the adequacy of the current classification of the tribe Scrophularieae, on intergeneric level. Because in the phylogeny presented here Verbascum is shown as a monophyletic group, it probably could be maintained in the traditional circumscription (Kuntze 1891; Huber-Morath 1978) . Our phylogenetic analyses strongly suggested that the current subgeneric classification of Verbascum (Murbeck 1933) does not properly reflect phylogeny. The morphological characters used with taxonomic implications within the genus Verbascum seem to be subject to a high degree of homoplasy, which is hardly surprising in such a species-rich genus. This is due to the apparent convergent evolution or reversal of key morphological characters in isolated species, small groups of species or larger parts of the genus. The lack of phylogenetic resolution within Verbascum is Fig. 2 . Optimisation of six morphological characters mapping on dichotomous Bayesian inference tree made with molecular data. Above branches, numbers indicate the characters according to the list, whereas the trait states are indicated below. 1, stamen number: four (0), five (1); 2, glandular hairs: present (0), absent (1); 3, stellate hairs: present (0), absent (1); 4, inflorescences axillary: flowers fasciculate (0), flowers solitary (1); 5, bracteoles: absent (0), present (1); and 6, corolla colour: yellow (0), violet (1). Verbascum species that are assigned to the genus Celsia according to Murbeck (1933) are indicated by arrow head. Informal groups of Verbascum are indicated after the species name with a letter of alphabet according to Huber-Morath (1978) . the result of low levels of among-species molecular differentiation, which may be an artefact of taxonomic inflation owing to systematic oversplitting.
